Pentaquark from QCD sum rules: consequences of the diquark approach by Eidemuller, Markus
ar
X
iv
:h
ep
-p
h/
04
08
03
2v
1 
 3
 A
ug
 2
00
4
IFIC/04-45, FTUV/04-0803
Pentaquark from QCD sum rules: consequences of the diquark
approach
M. Eidemu¨ller∗ a
a Departament de F´ısica Teo`rica, IFIC, Universitat de Vale`ncia – CSIC,
Apt. Correus 22085, E-46071 Vale`ncia, Spain
In this work we investigate the consequences of the Jaffe and Wilczek diquark model in the framework of QCD
sum rules. An analysis of the Θ+(1540) as (ud)2s¯ state shows that the mass of the pentaquark is compatible
with the experimentally measured value. The mass difference between the Θ+ and the pentaquark with the
quantum numbers of the nucleon amounts to 70 MeV and is consistent with the interpretation of the N(1440) as
a pentaquark.
Recently, several experiments [1] have observed
a new baryon resonance Θ+(1540) with positive
strangeness. Therefore it requires an s¯ and has
a minimal quark content of five quarks. The Θ
has the third component of isospin zero and the
absence of isospin partners suggests strongly that
the Θ is an isosinglet what we also assume in this
work. A puzzling characteristics of the Θ is its
narrow width below 15 MeV. A suggestive way
to explain the small width is by the assumption
of diquark clustering. The formation of diquarks
presents an important concept and has direct phe-
nomenological impact [2]. In this work we investi-
gate the diquark model by Jaffe and Wilczek [3,4]
in the framework of QCD sum rules where the
Θ is described as bound state of an s¯ with two
highly correlated (ud)-diquarks. The basis of the
sum rules was laid in [5] and their extension to
baryons was developed in [6]. The assumptions
of the model are incorporated by an appropriate
current. Since the sum rules are directly based
on QCD and keep the analytic dependence on
the input parameters, they can help to differenti-
ate between the models and to test their features.
The relevance of the diquark picture within the
context of the sum rules was shown in [7]. Sev-
eral sum rule investigations for the pentaquark
already exist [8–14] which, however, are based on
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different models or currents. The diquark mod-
els for the pentaquark have also been investigated
within other approaches [15].
In the model by Jaffe and Wilczek the (ud)-
diquarks have zero spin and are in a 3¯c and 3¯f
representation of colour and flavour. In order
to combine with the antiquark into a colour sin-
glet, the two diquarks must combine into a colour
3. The diquark-diquark wavefunction is antisym-
metric and has angular momentum one. This
combines with the spin of the s¯ to total angu-
lar momentum 1/2 and results in positive parity.
In [3] it was suggested to interpret the Roper res-
onance N(1440) as (ud)2d¯ pentaquark state and
we will study this resonance at the end of our
analysis.
The basic object in our sum rule analysis is the
two-point correlation function
Π(p) = i
∫
d4x eipx〈0|T {η(x)η¯(0)}|0〉 , (1)
where η(x) represents the interpolating field of
the pentaquark under investigation.
The diquarks have a particularly strong attrac-
tion in the flavour antisymmetric JP = 0+ chan-
nel. Thus the current contains two diquarks of
the form
Qc(x) = ǫabcQab(x) = ǫ
abc [uTaCγ5db](x) . (2)
C denotes the charge conjugation matrix. The
two diquarks must be in a p-wave to satisfy
Bose statistics. Therefore the current contains
1
a derivative to generate one unit of angular mo-
mentum. The diquarks couple to a 3c in colour
to form the current
η(x) =
(
ǫabdδce − ǫabcδde
)
[Qab (D
µQcd)
− (DµQab)Qcd]γ5γµCs¯
T
e , (3)
where the covariant derivative for the 3¯c is given
by Dµ = ∂µ − igλ†lA
µ l [4]. The parity is posi-
tive. This current has a different structure than
the currents in other pentaquark sum rules [9–14]
which contain no derivative to produce the angu-
lar momentum between the diquarks. Inserting
the current and neglecting higher orders in the
strong coupling constant the correlator is given
by
Π(x) = 〈0|T {η(x)η¯(0)}|0〉
=
[
γ5γ
µCS
(s)T
e′e (−x)Cγ
νγ5
]
T ee
′
µν (x) , (4)
where S(s)(x) represents the strange quark propa-
gator. The quark propagator has been evaluated
in the presence of quark and gluon condensates
in [11, 16, 17], where the explicit expressions can
be found. Using the following Lorentz decompo-
sition for T ee
′
µν = δ
ee′Tµν/3,
Tµν = gµνf1(x
2) + xµxνf2(x
2) , (5)
the functions f1(x
2) and f2(x
2) can be deter-
mined up to operators of dimension 6 [8]. In mo-
mentum space the correlator can be parametrised
as
Π(p) = p6 Π(p)(p2) + Π(1)(p2) . (6)
To obtain the phenomenological side we insert in-
termediate baryon states with the corresponding
quantum numbers. Since no experimental infor-
mation on higher pentaquark states is available
we make the assumption of quark-hadron duality
and approximate the higher states by the pertur-
bative spectral density above a threshold s0. In
fact, the uncertainty on s0 will be one of the dom-
inant errors in the sum rule analysis.
In order to suppress the higher dimensional
condensates and to reduce the influence of the
higher resonances we employ a Borel transforma-
tion with Borel parameter M . As in [10, 11] we
now concentrate on the chirality even part Π(p)
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Figure 1. mΘ as a function of the Borel pa-
rameter M2 for different s0 = 3.5 GeV
2 (solid),
s0 = 4.1 GeV
2 (dotted) and s0 = 3.0 GeV
2
(dashed).
in eq. (6) which contains the leading order term
from the operator product expansion. Transfer-
ring the continuum contribution to the theoretical
side and taking a logarithmic derivative with re-
spect to −1/M2, one obtains the sum rule for the
mass of the pentaquark,
m2Θ =
k=3∑
k=0
a6−kΓ(8− k)(M
2)8−kE7−k
k=3∑
k=0
a6−kΓ(7− k)(M2)7−kE6−k
, (7)
where Eα = 1− Γ(α+ 1, s0/M
2)/Γ(α+ 1).
A basic input for the sum rule analysis is the
Borel parameter M . We employ a sum rule win-
dow of 2.5 GeV2 < M2 < 4.0 GeV2 where the op-
erator product expansion converges well and the
phenomenological continuum is not too large. For
the continuum threshold we use a central value
of s0 = (1.54 + 0.35 GeV)
2. Thus the contin-
uum starts 350 MeV above the measured pen-
taquark mass. This difference should roughly cor-
respond to one radial excitation [10] and repre-
sents a typical value for sum rule analyses with
light quarks as degrees of freedom [5]. Fig. 1
shows the mass as a function of the Borel pa-
rameter M2. The sum rule has a good stability
with respect to M . As central value for the pen-
2
taquark mass we obtain mΘ = 1.64 GeV. To
estimate the error on mΘ we vary s0 between
3.0 GeV2 < s0 < 4.1 GeV
2. In fig. 1 we have
also plotted the change of mΘ with the contin-
uum threshold from which we obtain an error of
∆mΘ ≈ 125 MeV. To estimate the dependence
of the sum rules on the OPE we successively re-
move the different orders. The inclusion of the
higher condensates lowers the mass. The four-
dimensional condensates lower the leading order
result by about 50 MeV and the condensates of
dimension 6 by another 50 MeV. We assume that
a reasonable error estimate from the OPE would
be ∆mΘ ≈ 75 MeV. Furthermore, contributions
to the error also arise from the other input pa-
rameters which we vary in the ranges presented
above. As it turns out, their influence on the
value of mΘ is small compared to the errors from
the continuum threshold and the convergence of
the OPE. Adding the errors quadratically our fi-
nal result reads
mΘ = 1.64± 0.15 GeV. (8)
In [3] Jaffe and Wilczek suggested to interpret
the Roper resonance as (ud)2d¯ pentaquark state.
One can then perform a similar analysis for the
N(1440) as has been done for the Θ by substi-
tuting the s¯ antiquark by a d¯ antiquark. As cen-
tral value for the continuum threshold we choose,
as in the Θ+ case, a value of 350 MeV above
the ground state mass. For the error range we
use 2.7 GeV2 < s0N < 3.8 GeV
2. Performing
a sum rule analysis for the N with the above
given parameters, we obtain a mass of mN =
1.57 ± 0.15 GeV. Similar as it has been done
in [11], in fig. 2 we plot the mass difference
mΘ − mN for different values of the continuum
thresholds. The mass splitting between the pen-
taquark states comes out to be about 70 MeV.
The error represented in fig. 2 is based on the
assumption that the continuum thresholds have
the same offset for both pentaquark states. Phe-
nomenologically, these values can be different and
one should add to the error a part of the uncer-
tainty from s0 given in fig. 1. Thus the error
can easily amount to 50 MeV. Though the mass
difference is consistent with the interpretation of
the N(1440) as a pentaquark, the uncertainty re-
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Figure 2. Mass difference mΘ − mN for differ-
ent values of the continuum threshold, the solid,
dashed and dotted lines are for s0Θ = 3.5 GeV
2
and s0N = 3.2 GeV
2, s0Θ = 4.1 GeV
2 and
s0N = 3.8 GeV
2 and s0Θ = 3.0 GeV
2 and
s0N = 2.7 GeV
2, respectively.
mains large and a reduction of the error would be
essential to clarify the situation.
To summarise, we have performed a QCD anal-
ysis based on the approach by Jaffe and Wilczek.
We obtain a sum rule that is stable over the Borel
parameterM and reproduces the mass of the pen-
taquark within errors. We have also performed
an analysis for the pentaquark with the quantum
numbers of the nucleon and have shown that the
interpretation of the Roper resonance N(1440)
as (ud)2d¯ pentaquark state is consistent with the
sum rules. It is important to note that the sum
rules are directly based on QCD and thus, apart
from the structure of the current, do not contain
further model assumptions. It would be inter-
esting to see if lattice calculations could confirm
these findings. First lattice calculations exist [18]
which, however, are based on different interpolat-
ing currents and whose results are not yet conclu-
sive. A comparison and discussion can be found
in [19]. Hopefully, future experimental and theo-
retical investigations could further clarify and ex-
plore the pentaquark states and the consequences
of the different models.
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